ABSTRACT Exposing broilers to a high temperature increases water and electrolyte K + and Na + excretion, which negatively affects the heat dissipation capacity and acid-base homeostasis, resulting in losses in growth performance. In this experiment, the efficacy of providing oral rehydration therapy and betaine on growth performance, acid-base balance, and water and electrolyte retention was evaluated. A total of 432 one-day-old broiler chicks (Cobb) were allocated to 72 metabolic cages and reared to 31 d of age under standard conditions. From 32 to 41 d of age, chicks were exposed to heat stress (ambient temperature, 32°C) and high RH (80 to 100% RH) for 9 h daily. The ameliorative effects of a 3 × 3 factorial array of treatments administered via drinking water were evaluated in 8 replicates of 6 chicks per cage for each treatment. Two oral rehydration therapy (ORT) fluids, based on either citrate or bicarbonate salts, were added to tap water. In addition, betaine was added to tap water at an inclusion rate of 0, 500, or 1,000 mg/L to complete the array of 9 liquidbased treatments. Growth performance was assessed at 32, 35, and 41 d of age. From 32 to 35 d of age, chicks receiving ORT fluids exhibited improved growth performance, water balance, and electrolyte (K + , Na + ) retention. In addition, the physiological response to stress was attenuated, as indicated by lower heterophilto-lymphocyte ratios and blood glucose concentrations relative to the negative controls. The addition of betaine at an inclusion rate of 500 mg/L improved BW gain. From d 36 to 41, treatments did not significantly influence growth performance, which suggests that chicks receiving tap water were able to compensate and adapt to the heat-stress conditions. The results demonstrate that the beneficial effects of providing ORT fluids and 500 mg of betaine/L were observed only during the first 4 d of heat exposure. After this period, adaptation to the heat appears to occur, and none of the treatments was successful in improving growth performance.
INTRODUCTION
Heat stress is a limiting factor affecting the profitability of the broiler chicken industry in countries with hot climates. The adverse effects of heat stress include reduced growth rates, impaired feed efficiencies, and higher mortality, leading to economic losses.
Exposure to high ambient temperature is associated with 2 important problems that adversely affect the performance of broiler chickens. First, the acid-base balance is disrupted as a consequence of hyperventilation, prompting metabolic pathways toward homeostatic regulation rather than processes supporting growth (Mongin, 1981) . Second, exposure to high ambient temperature is associated with increased water losses through panting and higher urine flow, which can negatively influence the capacity to dissipate heat (Belay and Teeter, 1993) .
Panting is accompanied by increased CO 2 clearance from the blood, a consequence of which is an increase in blood pH (Toyomizu et al., 2005) . When blood pH is diverted toward alkalosis or acidosis, vital biological processes, such as active transport via ion pumps and enzymes involved in ATP synthesis, can be affected. In addition, heat-stressed birds increase K + and Na + excretion in urine and feces (Belay et al., 1992; Belay and Teeter, 1996) . These monovalent ions, K + , Na + , and Cl − , are important in maintaining the acid-base balance, osmotic pressure, and the electrical potential of cell membranes (Borges et al., 2003) .
Heat-stressed birds lose more water (>60% increase in urine output) than birds kept in thermoneutral temperatures (Belay and Teeter, 1993) . Therefore, they consume considerably more water to avoid dehydration (Zhou et al., 1999) . However, the increased ingested water enters the circulation through interstitial spaces rather than passing through the alimentary tract (Van Kampen, 1981) . This causes plasma to expand, reducing arginine vasopressin (antidiuretic hormone) concentrations, resulting in increased urine output (Reece, 2004) . Enhancing water utilization by increasing the retention rate might help the birds cope with heat stress by improving the heat dissipation capacity through peripheral blood and evaporation.
High ambient temperature diverts blood flow from internal organs to peripheral capillaries and organs involved in heat dissipation (Wolfenson et al., 1981) . This might increase the osmotic pressure on the epithelial cells, particularly in the intestine (Cronje, 2007) . To prevent intracellular water flux, cells increase inorganic ion (i.e., K + , Na + , and Cl -) uptake (Strange, 2004) . However, these ions can denature and precipitate cellular macromolecules (i.e., proteins). Cells counter this by internalizing organic osmolytes (i.e., betaine) in an effort to prevent water efflux without perturbing the structure of macromolecules (Moeckel et al., 2002) . The accumulation of organic osmolytes inside the cell is a slow process in comparison with inorganic ion uptake because it requires upregulation of osmoprotectant gene expression to synthesis organic osmolyte transporters (Strange, 2004) .
Exposure to heat stress results in decreases in jejunum lengths and fresh weights and reduces the villus height in broiler chickens. These reductions are not due to reductions in the feed intake, but to the heat stress per se (Garriga et al., 2006) . The process of nutrient absorption in the small intestine is dependent on the mucosal surface area. Heat stress might hinder the development of the intestinal mucosa by reducing the blood supply and increasing osmotic pressure on the cells.
In humans, gastroenteritis and other diarrheal diseases are common and can cause serious illness in infants and children. Diarrheal diseases are associated with dehydration, loss of electrolytes, and fever. In this case, patients are provided with oral rehydration therapies (ORT), which are fluids containing sugars and electrolytes to improve water absorption in the gut and to compensate the body for loss of electrolytes, particularly Na and K (Rao, 2004) . Some of the symptoms seen in humans experiencing gastrointestinal disturbance are similar to those experienced by broilers under heat stress, normally water and electrolyte loss. Therefore, the objective of the present study was to evaluate the effect on performance, acid-base homeostasis, and water balance in broilers when they are provided with ORT fluids with different concentrations of betaine during periods of high ambient temperature and RH.
MATERIALS AND METHODS

Animals and Management
A total of 432 one-day-old Cobb broiler males were obtained from a commercial hatchery. Birds were wing banded, individually weighed, and housed in metabolic cages. Birds were reared under normal brooding temperatures beginning at 31°C for the first 7 d and then reducing by 0.5°C each day until reaching a temperature of 20°C at 28 d of age. Broilers were offered starter (d 1 to 14), grower (d 14 to 28), and finisher (d 28 to 42) diets formulated according to NRC (1994) recommendations (Table 1) . The diets provided a dietary electrolyte balance of 220 mEq/kg (dietary electrolyte balance = Na + + K + − Cl − ). Birds had free access to feed and water and were subjected to a constant lighting program with light and dark cycles of 23L:1D during the first 5 d, and then 18L:6D for the remainder of the study. At 21 d of age, birds were allocated according to their BW into 9 treatment groups, with 8 replicates for each treatment and 6 birds per replicate.
Treatments and Heat Stress
At 32 d of age, birds were exposed to high ambient temperature (32 ± 1°C) and RH of 80 to 100% from 0830 to 1730 h; temperature and humidity were then decreased to 22 ± 1°C and 50 to 65% RH from 1730 to 0830 h for a period of 10 d.
During the period of high temperature, broilers were provided with one of the following treatments: tap water, ORT fluid with trisodium citrate (ORT-C) or ORT fluid with sodium bicarbonate (NaHCO 3; ORT-B), and each fluid was supplemented with 0, 500, or 1,000 mg of betaine/L. The ORT fluids were freshly prepared each day by dissolving glucose, NaCl, KCl, and either NaHCO 3 or trisodium citrate in clean tap water. Fluids were formulated hypotonic to plasma (below 250 mOsm/kg) to avoid anorexia and to stimulate water consumption. Sodium concentrations were intentionally made lower than those of the standard ORT fluids used in rehydration therapy in humans to prevent hypernatremia and consequent dehydration (see Table 2 ).
Experimental Measurements and Sample Collection
During the treatment period, BW were recorded at 32, 35, and 41 d of age, and feed intakes were recorded at similar times and at 34 d of age. Fluid intake and mortality were recorded daily. Excreta samples were collected on plastic sheets over a period of 24 h (d 34 to 35) for the determination of moisture and the electrolytes K + and Na + . At 41 d of age, 5 birds per treatment group were killed and jejunum segments were collected for morphometric analysis.
At 34 d of age, jugular blood samples were collected in heparinized tubes from 1 bird of 5 replicate pens per treatment for the determination of heterophil-to-lymphocyte (H:L) ratio, plasma corticosterone concentrations, and plasma osmolarity. On d 35, the same number of blood samples were obtained from different birds and placed on ice for no longer than 5 min for the determination of blood pH, partial pressure of CO 2 (pCO 2 ), K + , Na + , Cl − , HCO 3 − , hemoglobin, hematocrit, anion gap, and glucose concentrations using a Blood Gas Analyzer (Radiometer ABL800 FLEX, Radiometer Pacific Pty Ltd., Mt. Waverley, Victoria, Australia), calibrated assuming a body temperature of 42°C.
Excreta samples were homogenized by hand for 2 min in trays using a spoon. Subsamples (approximately 2 g) were weighed into aluminum dishes, dried for 48 h at 100°C, and weighed for calculation of moisture by weight difference.
Fecal electrolyte K + and Na + were determined according to AOAC (1998) official method 990.08. Briefly, 2 g of well-mixed excreta samples were weighed and transferred to 250-mL conical beakers. Samples were digested in 50% (vol/vol) nitric acid with heating (95°C) for 10 to 15 min and were then digested twice in concentrated HNO 3 with heating (95°C) for 30 min. Samples were treated with 30% H 2 O 2 , and then with concentrated HCl with heating. The element-emitted light was measured by inductively coupled plasma mass spectrometry (inductively coupled plasma-optical emission spectrometry, Optima 7300DV, Perkin-Elmer, Waltham, MA). The Na + and K + retention was calculated by subtracting the excreted from the ingested electrolyte concentrations, assuming that the calculated electrolyte concentrations in the diet are equal to the actual dietary concentrations. The electrolytes Na + and K + in tap water were ignored because they are normally found in small concentrations.
The H:L ratios were evaluated by examining blood smears stained using Geimsa and May-Grünwald stains (GS500, Sigma Aldrich, St. Louis, MO). Leukocytes (heterophils, lymphocytes, monocytes, basophils, and eosinophils) were differentially counted as described by Gross and Siegel, (1983) . The H:L ratio was calculated by counting 100 cells and dividing the number of heterophils by the number of lymphocytes.
Blood was centrifuged at 1,200 × g for 20 min at 4°C and plasma was collected. Aliquots of plasma were applied to an osmometer (model 3MO Plus, Advanced Instruments Inc., Norwood, MA) for the determination of plasma osmolality, and plasma samples were then stored at −20°C until assayed for corticosterone. Corticosterone concentrations in plasma were determined by RIA as described by Downing and Bryden (2008) . Segments of jejunum were flushed with ice-cold PBS and the length and fresh weights were recorded. Two small pieces from the proximal end were cut out for the determination of DM and morphometry. The DM was determined as described in excreta samples. For the morphometric study, jejunum pieces were processed through graded series of ethanol and xylol and then embedded in paraffin wax. Gut pieces were sectioned at 5 μm, dewaxed, and stained by hematoxylin and eosin. A total of 24 intact villi were microscopically examined for the determination of villus length, apical and basal width, and crypt depth.
Statistical Analysis
The data obtained were analyzed in a 3 × 3 factorial arrangement of treatments, with fluid type and betaine as the main factors. The data were analyzed by ANO-VA using the GLM procedure of SAS (SAS Institute, 1999) . When treatment effects were significant, differences between least squares means were tested using Duncan's multiple-range test, and the differences were considered significant at the level of P < 0.05.
RESULTS
Performance
Statistical analysis for BW effects at d 32 and the effects of providing ORT fluids with or without betaine on BW gain, feed intake, and FCR are shown in Table 3 . At d 32, no significant differences in BW were observed among the different groups. From 32 to 35 d of age, broilers provided with ORT fluids gained more BW and had better FCR than those provided with tap water (P < 0.001). The birds receiving ORT-B consumed less feed than the groups receiving tap water (P < 0.05). The feed intake of birds receiving ORT-C tended to be lower than that of birds receiving tap water. Broilers supplemented with betaine at an inclusion rate of 500 mg/L had increased BW gain compared with those not receiving betaine. An interaction between fluid type and betaine in BW gain was observed that approached significance (P = 0.09). The data showed that betaine supplementation in tap water had no effect on performance traits. However, improvements in BW gain were observed when 500 mg of betaine/L was added to the ORT fluids.
From 36 to 41 d of age, different fluid types had no significant effects on BW gain or FCR. Broilers provided with ORT fluids tended to decrease their feed in- take when compared with birds receiving tap water (P = 0.06). Broilers receiving 500 mg of betaine/L tended to gain more BW (P < 0.07) compared with those provided with 1,000 mg of betaine/L. Improvements in BW gain and FCR were observed in groups receiving tap water from d 36 to 41 when compared with their performance from d 32 to 35. Such improvements were not observed in the ORT treatments.
Water Balance
The effects of providing ORT fluids and betaine on fluid intake, water retention, and plasma osmolarity are shown in Table 4 . Birds provided with ORT consumed more fluids and retained more water than those provided with tap water (P < 0.001). A significant interaction between ORT and betaine for water retention was observed (P < 0.05). Birds receiving tap water with or without betaine retained less body water compared with those provided with ORT fluids plus 0 or 1,000 mg of betaine/L. However, water retention did not differ among groups provided with tap water or ORT fluids plus 500 mg of betaine/L. Birds receiving tap water had lower plasma osmolarity than those receiving ORT fluids (P < 0.05), whereas betaine supplementation had no effects on fluid consumption, water retention, and plasma osmolarity.
Acid-Base Balance
On the fifth day of heat stress, no differences were observed in blood pH, pCO 2 , partial pressure of O 2 , HCO 3 − , hematocrit, and anion gap among treatments (see Table 5 ). Broilers provided with ORT-C had lower hemoglobin in the blood than birds receiving tap water, whereas birds receiving ORT-B were intermediate. Supplementing ORT fluids increased Cl − and Na + concentrations in the blood (P < 0.05). Birds provided with ORT-B tended to have higher K + concentrations (P = 0.08) compared with birds receiving ORT-C or tap water. The ORT-treated birds retained more K + and Na + in the body (P < 0.005) and excreted more Na + (P < 0.001) than birds provided with tap water (see Table 6 ). No difference was observed in K + excretion. Betaine supplementation had no effect on the studied parameters.
Measures of Stress
The effects of providing ORT fluids and betaine on H:L ratio, blood glucose concentrations, and plasma corticosterone are shown in Table 7 . Broilers provided with ORT-B had lower H:L ratios and glucose concentrations in the blood than those provided with tap water. Consumption of ORT-C fluid decreased glucose concentrations in the blood (P < 0.001) but had no effect on the H:L ratio as compared with tap water treatments. No significant differences were observed in corticosterone concentrations among the different treatments. Betaine supplementation had no effect on the measures of stress.
Gut Measurements
The effects of providing ORT fluids and betaine on jejunum fresh and dry weights, length, and villus development are shown in Table 8 . No significant differences were observed among treatments in jejunum fresh and dry weights and lengths. Both ORT-C and ORT-B fluids increased the villus basal width. However, no differences were observed in villus height, apical width, and crypt depth among the treatment groups.
DISCUSSION
The improvements observed in BW gain and FCR during the first 4 d of high temperature (32 to 35 d) when ORT fluids were provided could be attributed to an improved acid-base balance, enhanced water retention, increased energy availability, or their combination. Supplementing diets and drinking water with electrolytes such as NaHCO 3 , KCl, and NaCl has been reported to improve broiler performance and survivability during periods of high ambient temperatures . These improvements are commonly attributed to either acid-base regulation or increased water intake (Smith and Teeter, 1989; Ahmad et al., 2006) . Although the electrolyte component of the ORT fluids failed to regulate blood pH, broilers provided with ORT fluids retained more Na + and K + in the body compared with birds receiving tap water. These ions play an important role in the regulation of acid-base balance (Borges et al., 2004) . The ORT treatments enhanced fluid intake and increased body water retention, and this might act to improve the capability of birds to dissipate heat via peripheral blood and evaporation and may act to lower body temperature. Supplementing drinking water with KCl enhances the respiration efficiency of the bird by increasing the amount of heat (joules) dissipated per breath during acute heat stress (Smith and Teeter, 1987) . The addition of glucose to the ORT fluids might have provided the birds with the extra energy needed to facilitate thermoregulation, and this in turn might have resulted in the improved FCR. Iwasaki et al. (2000) suggested that glucose supplementation might help heat-stressed birds maintain thermal balance by providing the energy needed for panting. Supplementing drinking water with glucose has been found to improve BW gain and reduce mortality rate in heat-stressed broiler chickens (Iwasaki , 1997) . Similarly, Zhou et al. (1998) proposed that improvements in BW gain in heat-stressed broilers after supplementation of drinking water with glucose was the result of increased metabolic energy. Furthermore, glucose is thought to play a role in thermoregulation. Glucose-supplemented broilers exhibited lower rectal temperatures than control birds when exposed to high ambient temperature . The effect of betaine supplementation on broiler performance is still controversial and not fully understood. However, betaine has proven to be beneficial under certain conditions, such as dehydration, hypertonicity, high water salinity, and coccidial infection (Augustine et al., 1997; Augustine and Danforth, 1999; Klasing et al., 2002; Honarbakhsh et al., 2007a,b) . In the current study, broilers provided with betaine at the inclusion rate of 500 mg/L gained more BW than those not receiving betaine. The betaine × ORT interaction approached significance (P = 0.09). Thus, although providing betaine in tap water failed to improve BW gain, there was a tendency for betaine (500 mg/L) to improve performance when it was added to the ORT fluids. This improvement could be due to the osmoprotective property of betaine, which might have assisted the birds (particularly intestinal tissues) to tolerate the high salinity of body fluids under dehydration. Increases in osmolality stimulate betaine uptake in rat kidney medulla via both Na-dependent and Na-independent betaine transporters (Lohr et al., 1991) . The intestinal epithelial cells are constantly challenged by high osmotic gradients as they facilitate the process of food digestion and absorption (Mongin et al., 1976) . Furthermore, heat stress diverts blood flow from internal organs, including the intestine, to the periphery, which further increases pressure on the epithelia. Because ORT fluids increased Na + and K + retention, it can be assumed that these ions added more osmotic pressure on epithelial cells during absorption. These cells rely on organic osmolytes such as betaine to resist such high osmotic pressure, and this might explain the additional improvement in performance following betaine supplementation of ORT fluids. Birds supplemented with 1,000 mg of betaine/L had inferior performance compared with birds provided with 500 mg of betaine/L. This might suggest that the higher betaine concentration exceeded bird requirements, particularly when the fluid consumption was high (>475 mL/d). Our results are consistent with those of Wray-Cahen et a,b For main effects within columns, means without a common superscript differ significantly (P < 0.05). 1 ORT-C = oral rehydration fluid with trisodium citrate; ORT-B = oral rehydration fluid with sodium bicarbonate. 2 Consumed Na and K from the diet plus fluid. 3 Excreted Na and K in excreta (feces plus urine). 4 Retained Na and K = consumed − excreted.
al. (2004) in pigs, in which improvements in BW gains were lower when dietary betaine was increased from 0.125 to 0.5%. Similarly, Xu et al. (1999b) observed reduced efficacy of betaine on the performance of pigs by increasing the dietary level above 0.08%. Although betaine supplementation improves energy availability, it is a N-containing substance that requires energy to be excreted (Eklund et al., 2005) . Consequently, increasing the dietary betaine levels might negatively affect its efficacy. Xu et al. (1999) observed that growing pigs fed a diet with 1,000 mg/kg of betaine grew faster than those supplemented with 0, 1,500, or 2,000 mg/ kg of betaine. In broilers, Honarbakhsh et al. (2007b) evaluated the effects of increasing dietary betaine levels a,b For main effects within columns, means without a common superscript differ significantly (P < 0.05). 1 ORT-C = oral rehydration fluid with trisodium citrate; ORT-B = oral rehydration fluid with sodium bicarbonate.
2 Heterophil-to-lymphocyte ratio. a,b For main effects within columns, means without a common superscript differ significantly (P < 0.05).
1 ORT-C = oral rehydration fluid with trisodium citrate; ORT-B = oral rehydration fluid with sodium bicarbonate.
(0, 0.075, 0.15, and 0.225%) on performance and saline water tolerance. The authors observed improvements in growth performance with increasing dietary betaine levels. However, increasing dietary betaine concentrations from 0.15 to 0.225% was of no benefit. It is important to note that, in the current study, betaine was administered in drinking water (500 and 1,000 mg/L), which would provide the birds with a higher betaine intake than if betaine were added to the feed at the same inclusion rate (500 and 1,000 mg/kg). This is because water intake is much higher than the feed intake, particularly under conditions of heat stress (3 to 4 times as much as feed intake). Compared with their performance during the first 4 d of high temperature, broilers provided with tap water significantly improved their BW gain and tended to have an improved FCR during the last 6 d of heat stress. This late compensation could be attributed to acclimation to the thermal conditions. Acclimation to heat stress can occur within periods ranging from 1 to 7 d (Lin et al., 2004) . During this acclimation, birds attempt to achieve adequate energy balance by modifying their behavior and physiological responses. For instance, fasted heat-acclimated broilers reduced heat production, had lower body temperature, and had a lower respiration rate than nonacclimated controls when exposed to high ambient temperatures (Wiernusz and Teeter, 1996) . Exposing broiler chickens to 30°C for a period of 25 d had no effect on FCR when compared with that of control birds at 22°C (Lin et al., 2004) . In the present study, ORT treatments failed to improve bird performance further during the last 6 d of the high temperature. The data suggest that during the first period of heat exposure (32 to 35 d), birds were involved in homeostatic regulation and attempting to achieve thermal balance. After this acclimation period, the broilers were able to accommodate to the changes needed to achieve higher performance under conditions of high temperature. In all, supplementation with different fluid treatments had no effect on performance from 36 to 41 d.
Broilers provided with ORT fluids tended to have a lower feed intake when compared with birds receiving tap water. This could be a response to the presence of glucose and Na salts increasing the palatability of ORT fluids, resulting in higher energy intake with the consumption of fluids. The data suggest that ORT fluids attenuated the adverse effects of heat stress up until the acclimation process took place.
Providing broilers with electrolytes in the ORT fluids increased fluid consumption and water retention. These results are consistent with previous reports (Smith and Teeter 1988; Borges et al., 2003; Ahmad et al., 2006) . The presence of glucose and Na salts in ORT fluids might have enhanced water absorption in the intestine, and therefore increased water retention. Recent studies revealed that water absorption in the gut is linked to solute uptake and that glucose markedly enhances both salt and water absorption (Gagnon et al., 2004) .
Glucose and Na are transported across the intestinal brush border via integral membrane proteins called Naglucose cotransporters, and it is assumed that water absorption is associated with glucose and Na uptake (Loo et al., 2002) . The Na-glucose cotransporters transport 264 and 424 molecules of water for every glucose molecule in the human and rabbit intestine, respectively . Increased water retention during heat stress is considered an advantage because it improves the heat dissipation capacity via peripheral blood and evaporative cooling, helping the birds to control their body temperature (Smith and Teeter, 1989) . Broiler chickens provided with ORT fluids plus 500 mg of betaine/L failed to retain as much water as did those provided with ORT fluids plus 0 or 1,000 mg of betaine/L. Supplementation with 500 mg of betaine/L might have increased betaine concentrations in intestinal tissues, and this in turn improved the cellular capability to maintain intracellular water and cope with the osmotic stress without the need to increase cellular water uptake. Betaine has been reported to inhibit the activity of Ca 2+ and Na + /K + ion pumps by 73 and 64%, respectively (Moeckel et al., 2002) . Thus, it can be assumed that the accumulation of betaine in intestinal tissues might control water movement by decreasing the activity of water pumps. The increased water retention observed in birds supplemented with 1,000 mg of betaine/L in ORT fluids might suggest that increasing betaine concentrations beyond the required boundary may decrease the efficiency of betaine function as an osmoprotectant.
High temperature resulted in respiratory alkalosis in all treatment groups, as indicated by the low pCO 2 and high pH in blood. When exposed to high ambient temperatures, birds increase their respiration rate to dissipate heat by evaporation. Although panting is considered the most important mechanism by which birds lose heat, it is accompanied by CO 2 clearance from the blood and results in increased blood pH and disruption of the acid-base balance (Toyomizu et al., 2005) . The inclusion of NaHCO 3 in ORT-B fluid did not exacerbate blood alkalosis because no differences were observed in blood pH or HCO 3 -ion concentrations among different treatment groups. Our findings are consistent with those of Teeter et al. (1985) , who reported that supplementing diets with NaHCO 3 (0.5%) did not accentuate blood alkalosis in heat-stressed broiler chickens. Birds respond to heat stress-induced respiratory alkalosis by increasing excretion of HCO 3 -in urine as a compensatory mechanism to counter an increase in blood pH (Borges et al., 2007 ). In the current study, birds receiving tap water or ORT-C kept blood HCO 3 -concentrations within the normal range. This might suggest that the dietary concentrations of HCO 3 -were sufficient to replenish HCO 3 -concentrations in the blood. Another explanation is that birds might experience intermittent respiratory alkalosis because of exposure to cyclic heat stress (9 h daily), which gives insufficient time for the kidney to respond.
SUPPLEMENTS TO COMBAT HEAT STRESS IN BROILER CHICKENS
Supplementing ORT fluids increased Na + and K + retention in the body and increased Na and Cl -concentrations in blood. This is a direct response of supplementing Na + , K + , and Cl -salts in ORT fluids. These results agree with those of Ahmad et al. (2006) , who observed elevated plasma Na + , K + , and Cl -concentrations after supplementation of broiler diets with different sources of electrolytes. Previous reports provide evidence that exposing broiler chickens to high temperatures significantly reduces electrolyte retention, as indicated by increased mineral excretion (including K + , P, Na + , and Ca 2+ ) in urine and feces (Belay et al. 1992) . Similarly, Smith and Teeter (1987) reported that broiler chickens exposed to high temperature (35°C) excreted 27.3% more K + than the control birds. These electrolytes play an important role in regulating acid-base balance and osmotic pressure. In extremely hot weather, increasing dietary Na + levels above the NRC (1994) recommendations improved BW gain, water consumption, and breast meat yield in broilers (Mushtaq et al., 2005) . These improvements in performance can be attributed to increased water consumption, which is associated with feeding a diet with higher Na + levels.
Replacing tap water with ORT-B fluid was found to alleviate physiological stress after exposure to the high ambient temperature and extremely high RH. This is supported by lower H:L ratios, reduced glucose concentrations in blood, and a tendency for corticosterone concentrations in plasma to be lower. The use of H:L ratio and plasma concentrations of corticosterone as indicators of stress is well established. Exposure to stress conditions increases the number of heterophils and decreases the numbers of lymphocytes (Siegel, 1995) . In addition, heat stress stimulates the hypothalamic-pituitary-adrenal axis, with a resultant increase in secretion of corticosterone (Zardooz et al., 2006) . The increase in corticosterone, along with catecholamines and glucocorticoids, induces glycogen breakdown in the liver, leading to increased glucose concentrations in the blood (Donaldson et al., 1991) . Furthermore, corticosterone might induce a state of insulin resistance (i.e., reducing glucose uptake by muscles and tissues) that can lead to hyperglycemia (Zardooz et al., 2006) .
Providing ORT fluids resulted in enhanced villus basal width in the jejunum that might increase the villus size and the intestinal mucosal surface, which consequently might improve the functional capacity of the intestine. The reduced blood supply to the gut during heat stress reduces nutrient availability and increases the osmotic pressure on intestinal cells, which might hinder its development. However, ORT fluids increased water retention and decreased the osmotic pressure on internal organs, as indicated by normal plasma osmolarity. Another explanation is that the glucose component in the ORT fluids might provide the intestinal cells with the energy needed for the proliferation and development of villus surface area. In ovo feeding of carbohydrates enhanced posthatch intestinal development by increasing the villus size in broiler chickens (Tako et al., 2004) .
In conclusion, the improvement in performance and reduced measures of stress suggest that the use of ORT fluids can help alleviate the adverse effects of high temperature during the first 4 d of exposure only, particularly when 500 mg of betaine/L is also provided. The beneficial effects of providing ORT fluids might be related to either increased water retention, which acts as a sink to reduce body temperature, or increased Na + and K + retention, which assists the birds to regulate their acid-base balance, or both. The ORT-B gave better results than did supplementation with ORT-C. In addition, the osmoprotective properties of betaine might have played a role in improving bird performance during the first period of heat exposure. After the first 4 d, acclimation appeared to occur in the groups receiving tap water only and helped the birds improve their performance in the following days.
